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PREFACE

The research of this contract (F19628-81-K-0049) was carried out in- .

the Electromagnetic Effectiveness Division of the Electronic; and Computer

Systems Laboratory of the Engineering Experiment Station at the Georgia

Institute of Technology, Atlanta, Georgia 30332. This program was

designated at Georgia Tech as Project A-3023 and Dr. Johns3n J. H. Wang

served as the Project Director. This Final Report covers the work which was

performed from August 1981 to November 1983.
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SUMMARY

The objective of this program is to investigate new

analytical/numerical techniques for microstrip antennas and arrays of

noncanonical patch geometries. Antenna performance improvements, such as

frequency band broadening and dual-frequency operations, are the ultimate

goal in this investigation.

In the course of this research, a computer program for the radiation

of an arbitrary lertzian dipole in a general stratified multilayer medium

was developed. Although the original intention was for application to

microstrip antennas, this algorithm was later found to be applicable to a

broad class of integrated circuits, geophysical problems, etc.

The analysis of microstrip antennas was focused on the development of

a model of equivalent magnetic current along the periphery of the

microstrip patch. This is a new technique derived from a similar approach

in dealing with microstrip circuits of arbitrary shapes. Although

numerical convergence problems presently exist, this approach appears very

attractive for noncanonical microstrip antennas. Continued research in

this approach is highly recommended.

Researchb in microstrip arrays was conducted for diode-switched

microstrip panels sandwiched by dielectric layers. A moment method

approach was taken with the aperture expanded in tcrms of exponential basis

functions and a single mode in the diode-gap region. The computer program

developed in this research was checked against known data for the

reflection and transmission of sandwiched screen structures.

Al of the three techniques investigated are promising approaches to

treat microstrip antennas and arrays. It is recommended that substantial

o f forts be devoted to extend and approve the techniques. These future

efforts should lead to progress in microstrip antenna technology as well as

),,oopiysics and integrated circuits.

i~i
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SECTION I

INTRODUCTION

The requirement for low-profile antennas with low fabrication costs

has led to the recent interest in microstrip antennas. However, microstrip

antennas have been found to be limited in their performance, especially

regarding their typically narrow bandwidth of one to six percent. A

theoretical investigation of noncanonical antennas appears promising in

developing antennas of higher performances, as suggested in several

experimental studies. In this study, techniques for analyzing incrostrip

antennas and arrays were investigated in order to develop comput,,r

algorithms for noncanonical patch shapes.

Three major accomplishments are reported in the following section':. A

general numerical method for analyzing the radiation of an irbitrary

llertzi an dipole in multi-layer stratified media was developed. Both the

nuinber of layers and their thicknesses and complex dielectric :.unstant; can

be arbitrarily designated. The Hertzian dipole can he vertical or

horizontal, electric or magnetic. 'The computational method was developed

as a basis for the microstrip antenna analysis. However, its application

was later found to be quite broad, including geophysical problems and

integrated circuits.

The method of analysis for the microstrip antenna developed in this

research is based on the representation of fields in terms of an equivalent

hori.zontal magnetic current along the periphery of the microstrip patch.

This method is particularly attractive for patches of arbitrary shapes. An

integral equation in terms of equivalent peripheral magnetic current was

0 derived and solved by the method of moments. Although the numerical data

do not show the expected convergence behavior, the basic formulation and

computer algorithm represent a highly promising approach which should

provide a pawrful tool for the analysis of noncanonical microstrip

antennas when fully developed.

Analysis of microstrip diode switched arrays is a difficult prob' i

for which littl, ,esearch has been p, rformed. In this research, a ni,,nt

jiethod conput, r program wa ; developed for a simple diode-swi t c!od

monolithic si,1t (or strip) array. This program has been tested ari ai

data for a scruen structure which have been presented in the literatur'.

. . . . . . . .. . . . . . .
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Thes, three major accomplishments represent progress in geophysical

science stratified media problems and integrated circuits as well as th,

intended microstrip antenna and array analyses. All of the analyses

involve now and useful numerical techniques which need further improvement

for ful fruition.

-7 o-7
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SECTION II

APPLICATION OF HERTZIAN DIPOLE ANALYSIS 1O
MICROSTRIP ANTENNAS

A. Introduction

A general micros trip antenna is depicted in Figure 1. The feedi,

shown in dotted lines, can be either a probe feed or an end feed. In

general, the end feed is preferred because it is s:mple to construct. Both

the geometry of the microstrip patch and the location and typ, of food Irc

parameters determining the characteristics of ,:he ,alicrostrI, antenna.

Current microstrip antenna technology, which has been extensiv-lv reviewted

in an IEEE Transactions on Antennas and Propagation Special Issu: [ I I a1d

two reference books [ 2,3], does not have analytic.l methods suitable for

patches with noncanonical shapes.

The study of microstrip antenna (excluding arrays) technology has

progressed from rectangular patches [ 4,5 ] to circular [ 6], -'liptical

[7,8], and triangular [5 J patches, etc. With a new geometry, -Iere is

usually a new set of performance characteristics that represent an

improvement over existing designs and may even find di ftereut Iew

applications. However, as summarized by Carver and Mink [ 9 1, the

microstrip antenna has typical bandwidths from one to six percent. Larger

bandwidths, which may be achieved by increased substrate thickness or patch

size, are often impractical. Kernweis and Mcllverma [10,11] discovered

that microstrip antennas coul d operate at dual frequencies if radial

conducting strips were added to the patch.

The method of analysis for microstrip antennas is typically a

technique highly dependent on the geometry of the patch. In fact, it deals

as a rule microstrip patches with canonical shapes conforming to the

several exist rig coordi nate systems. Scxne efforts were made with limitd

slUcces: to api, th,. wire-,rid mithol .1 and the inite-eloment tocb,, ,I,"

t131 for ha p geera Ii sd ships.

In t.. pr,'-,ent atyi) ; we be)gin with the analysis of the fields

to an Lrir t I lrt;iL:ip dipole in 1n arhitrary stratified mediwii. M hi.

sppro-i'h i s ;i ..;,nc. siIilar to the Gr e f's functions formulation such as

that ot I(%vai, t a ,, . ,t a! I' . The ntunerical analysis techniques involvd
0

n thi:; approalch L;' ,eo reported in the_ Interim Report 115 I and ii , beinog

Si
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formally published [16].

Two methods were studied in this research to analyze microstrip

antennas, using the flertzian dipole radiation as a building block. One is

to replace the conducting microstrip patch by a sheet of equivalent surface

current. The other is to formulate the problem in terms of the peripheral

electrical fields of the patch. These are discussed as follows.

B. Method of Replacing the Microstrip Patch by an Equivalent Current
Sheet

The conducting microstrip patch can be replaced by a sheet of current

density Js, as shown in Figure 9. This is accomplished by using the

surface equivalence theorem on the patch surfaces and then allowing the

thickness of the patch to approach zero. The vertical J symbolizes a probe

feed. For an end-fed patch the excitation current should be ho-izontally
- 4

directed.

The surface patch technique [ 17 ] can be employed to solve this

boundary value problem. An electric field integral equation based on the

boundary condition

nx (E' + E) = 0 on the microstrip patch (1)

can be written. In Equation (1), _i is the field due to the excitation

probe, n is a unit normal to the patch, and E s is the electric field due to

the equivalent surface current J

It is necessary to point out that the field at the source point

contains a singular integrand, as can be seen in the field equations in

Reference 15 used to compute the tangential field. It appears that the

singularity is of the 1/ , type. No attempt was made to deal with this

problem directly. Instead, the testing is performed slightly away from the

source point which is the technique used by Richmond [18 and larrington

[11 i n wire antenna anatyseq.

Another difficulty is due to the fact that the source and field points

have the same z coordinates. This can be dealt with by choosing a small

yt numer ica I ly :iccoptable di fference between the z coordinates of the

sourre and th" field.

- . -.
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This type of point-matching method was applied to microstrip problems

by Farrar and Adams [ 20 to calculate the capacitances of a patch and the

gap between two patches. Their work was for a much simpler static model

with little direct relevance to the antenna problem, which requires a full

solution of the time-harmonic fields. However, examination of their work

in comparison with the present approach indicated that development of an

algorithm in the present approach would be impractical and difficult. In

addition, their work, as well as others' [ 21-23 1, led to an awareness that

the peripheral magnetic current plays a predominant role in the physics

involved in microstrip structures. While earlier work addresses only

circuit (interior) problems, the method of Okoshi 1 21 1 has direct

implication to antenna problems. The equivalent electric cur, ,nt sheet

method was thus abandoned in its early stage of development.

C. Solution in Terms of Peripheral Magnetic Current

The majority of analyses on microstrip structures take advantage of

the fact that the substrates are electrically thin. As a result, the

fields in the region between the patch and the ground plane contain

primarily vertical E (perpendicular to the ground plane) and horizontal H

fields. As shown in Figure 3, the fields in this region are also quite

independent of the z coordinate. At the edge of the microstrip, current on

the patch normal to the edge must vanish as required by the continuity of

current. As a result, the tangential component of H field along the edge

is negligible. Thus, the peripheral slot can be represented by an

equivalent magnetic current n x E., as shown in Figure 3, where h is a unit

vector normal to the peripheral surfaces (n is always perpendicular to z),

and Es is the total electric field on s given by

Es-- z z . (2)

In this approach, Esor the equivalent magnetic current n x Fs, is the

literature in conjunction with other numerical techniques for micros trip

circuit problems. For nicrostrip antennas, however, it was primarily used

in the approximate computation of the far-zone fields. It is, therefore, a

I7
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natural step to expand this technique, which has been vnry succ-sJul Il

dealing with microstrip circuits, to microstrip antennas.

d The approach of Okoshi and Miyoshi [21J appeard to be particularly

suitable to antenna problems because it deals directly with the exte rior

problem with an integral equation. Consequently, Gupta visualized the

advantage of this approach and applied it to microstrip antennas I 24-27 1.

An additional advantage of the peripheral magnetic current method is

its adaptability to the microstrip antennas with radial conducting strips

for dual frequency operation inventd by Mcllvenna and KerneI,;s [10,11 I.

Effects of the radial conducting strips can be treated as a circuit problom
rin which the impedance of the strip is computed with closed-form analytical

fonniulas.

A new approach was taken in this research. The exterior field of a

microstrip antenna is represented by a magnetic current ove- -he peripheral

0 opening and a conducting surface enclosing the antenna region as shown in

Figure 4, [2,13 1 . This model follows directly from the equivalence

principle and the uniqueness principle [i,, p. 1081.

As shown in Fi gurt- 5, we can now expand M s into a p r Iphor aI

distribution along s, the periphery, as

N

Ms = MsnP(Sn), (3)

n=1

where P(Sn) is a pulse function such that,

P(Sn) 1 if Sn>S>Sn+1,

= 0 elsewhere

Nnis a horizontal magnetic current element that produces fields as if

the microstrip antenna region did not exist. That is, Msn produces fields

in the substrate over the ground plane -- a problem treated extensively in

the preceding section.

The presence of the microstrip antenna region, represented by a

conducting pill box, in Figure 4 requires that the amplitude and phase of

all the Msn's be adjusted so that the tangential E fields vanish on the top

and the sid,, (periphery) of the pill box. Note that fields due to each M;n

9.. . *i*
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satisfy, by definition, Maxwell's equations and the boundary conditions

outside (but not on) the pill box.

Note that in this case it is not necessary to enforce the boundary

condition for tangential 11 even though in general a boundary condition for

tangential I is also required. This is due to the fact that in the present

formulation, tangential H on the dielectric interface due to each Msn is by

definition already continuous at the interface. Thus an integral equation

of the form

Ms + Mi ] = 0 (5)

on the microstrip patch can be written. M i is the end-fed excitation

magnetic current of the microstrip antenna.

Physically, this formulation is similar to those of Okoshi and Gupta

and their colleagues [ 21,24-271. The integral equation is expressed in

terms of the peripheLal magnetic current and excitation current alone.

This is a definite advantage in treating arbitrarily shaped patches and in

particular, the antenna with radial conducting strips.

The present method can also be viewed as a modal or eigenfunct ion 0

solution. All the possible modes of fields for the exterior and interior

regions are those due to horizontal magnetic current elements at the

periphery. The combined effect of the microstrip patch is that tangential.

E field vanishes on this microstrip patch of infinitesimal thickness. This

approach is similar to the modal expansion techniques used extensively in

wavguide discontinuities and array antennas.

A computer program based on Equations (4) and (5) was written to solve

the microstrip antenna problem by the method of moments [ 19]. However, a

lack of anticipated numerical convergence was observed. During the

,.xhais tive debugging stage, it became clear that new concepts and

t chniques were involved in this computer program which needed mor"

ebig,-gi ng and investigation. This promising method in dealing with

noneaC~non icalI microstri p an tenna s merits f urthe r extensive numeitr I CaI

xpl oration to bring it to fruiti on. .i-:

12.
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SECTION III

ANALYSIS OF A MICROSTRIP ARRAY

A. Introduction

The analysis of a microstrip array is a difficult problem. As a

result, very little has been reported in this area even though other

arrays such as waveguide and dipole arrays have been extensively studied.

Thorough reviews on microstrip arrays can be found in references 2 and 29.

The difficulties in microstrip array analyses are primarily in te handling

of the interaction in the feed region. Recently, Liu, et al 1301] reported

an analytical method which deals with the feed by approximating the

vertical probe feeds with a continuous and uniform current sheet.

Interestingly, they also broke up the analysis into two simpler ones by

employing the equivalence principle -- a technique similar in many aspects

to the peripheral magnetic current method described in the preceding

section. Since future development of phased arrays will probably emphasize

monolithic and multilayer structures [29],emphasis in this research was on

the PIN diode switched structure shown in Figures 6 and 7. The tiny gaps,

each about 10 mils wide, are connected with PIN diodes which are switched

on and off at a low rate. The long thin slots in Figure 6 insulate the

diode bias currents which flow through the conducting (black) .urfaces.

The slots (in white) are switched on and off with these diodes. 

Alternatively, conducting strips, instead of slots, can be designed to form

a switching surface, as shown in Figure 7. It is expected that the

techniques developed in treating these types of microstrip arrays will be

useful for other similar microstrip arrays. Thus, a more general type of

eloment slot configuration as shown in Figure 8 was chosen for the computer

program input. The switching of the phase front for the reflected or

transmitted wave, and thus the direction of the antenna beam, is

accoinplished by the individually switched PIN diodes.

There are two major analytic difficulties involved in the computati.)n

of ocattering of thli configuratioin; the complex geometry of the aperture

and the ef fekL of ther di odes . Scat te ri np of screen structures for

rc t;uigul ar and ci rc ulI r ,i pe rtu res (or pla tes ) were t rea ted by Chen [ 31 , 321

and Lee t33 • Anal vses i nv lvi rg loading and other geometries wer,,

. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . • "
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conducted by Munk, et al [ 35 ] for thin slots and dipoles. Recent

research in the Jerusalem-cross geometry has also been performed for thin

crosses for which simple current distributions can be reasonably postt~ated

36 3 - 5- I

In this research, the effects of loading and slot geometry are

included -- the slot is not assumed to be thin. It is difficult to find a

suitable set of basis functions to represent the unknown aperture field to

obtain a numerical solution. Natural waveguide modes for this slot could

be obtained in a manner similar to the ridged waveguide oIutions by

Montgomery [) I. lowever, the analysis would be very complex md this is

why it has not yet been attempted. Another possible approach, which was

chosen in this research, is to expand the unknown aperture fields in a set

of orthogonal exponential basis functions. These exponential functions are

closely related to the sinusoidal functions representing rectangular

waveguide modes, but they are not as restrictive on the boundaries so that

continuity at X = A/2 - da is possible. However, difficulties are expected

in this method in establishing criteria for relative convergence[3n,40 I.

B. Formulation of the Approach

We begin by dividing the problem into the TE (transverse electric) and

TM (transverse magnetic) cases. The incident wave for each cae can be

represented as

Ei, (-jkosinO)A i e-jko'r TE (0)
-- e e

and

E m 0 (jkosin0) ro A' e-jkor TM , (7)--11 m

where

no = 4l-o/o (8,)

ko = ko[ sin 9 cos, x + sinO siwI4 y + coso , (si)

r rr - xx 4 yy + zz (8d)

U COSt) c,)s x + coS9 sin, y- sinO z , and (SC,

'Y (8", . . . ':; , -< 4+ iO5(s y . (dl ->

i .s '. . '2 . C - i a S17. S _______



It is possible to represent fields in all four regions, I through IV

in Figure 8 , in terms of vector potential A in each region [13 For the

incident wave,

A i  
= ^z A e-J k ' r _ , and (qi)-e e g e

Ai Amz z e-J_k ' r  
(9b)

We can write, for each region, the forward and backward propagating vector

potentials as follows.

Region I

A I f A If + Air A1 60 o0
Ze L ze ze p q (x,y)e-J'Pqz

pq'p] Alf +Alr 1 q A i 60
AHI zm zm M p q

If Ir
ZW 2-

A

pq] (xy)eJpqz

epq pqP 'q mpq (l))

Region II

A fA 
2 r  2 f

z[ ze e] epq p (x,v)e-j l z
E E ~pq - P

A "2 A 2f A 2 r  A q 2 f

zm zm zm mpq

A2r

[A pq (X, y)e

mpqp

SS.
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Region III

A f + A 3 r l _- [ 3 f
ze ze ze _, epq pq (x,y)e-j pqZ

Sf 3r p A pq
A MA M+ A pq -Amq

S1 epq IJpq (x,y)eJtpqZ

pq A 3r
mpq

Region IV

44f A4rl 1A4
epq (xyeJpq

m zm zm p mpq

(13)

where the summations over p and q are actually truncated to ±P and *Q, and

_pq(Xy) = (AB)-I e-j(Upox + Vpqy)

Upo = 2,p/,A + k. sin) cos , and (I.'h)

Vpq = 2:iq/B + ko sino sinp . C

0

A pair of integral equations can be obtained by enforcing boundary

conditions at the three dielectric interfaces. Let the electric field at

the aperture region at z = 0 be

Eap x + Eay , (I)
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The following two integral equations can be obtained by matching the F

field at the boundary at z = 0,

0~a = o o (1) i (2) rfEay ip q (x,y) dxdy = -jupo p 6 qA +) (2) Ar pq
t~q q pq Ae + pq p

+ jVpqapq 16 6 (1) A i + T(2) Ar 0 S

p q pq in pq mpqj (16)

f (x,y) dxdy
= -jVp 6 ° 6° P(1) Ale + P ( 2 )  Ar

f "x pq po I p q pq e pq epqj
a pe r

+ jUpqapq 6 ° 6 ° 0 (1) i (2) A

WE: p q pq in pq Mpq (17)

for p, q 0, 11, ±2, (±, ±Q)

where the integration is over the aperture of a unit cell at z = 0 and
p

and 1o are the Kronecker delta function and the coefficients ft, etc. are
q Pq

defined in the appendix. Although the derivation so far has been along the

S;10 path as that of Lee [331, there are nontrivial differences in the

maithematical expressions derived. Thus, the detailed expressions are

included in Appendix B for comparison.

!;quations (16) and (17) contain too many unknowns. They can be

iiirth..r reduced by enforcing the boundary condition for 1H field at z = 0

ind eliminating all the unknown A parameters according to the transmission

re'lationships in the appendix. Thus, we have

Xx xy x ,y') J(xy)

K K I: (x',y') .J (xV).
yx yy av in

11. ,p ici t dea;cr Ipt ion of thi s integral equation is includd in th,
u-li..

.; i>,n~ . ..-.

1.-.... ,......-..:.,_...., ........ _...-......L....... :..... ..-.. _.......-
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C. Moment Method Solution

The pair of integral Equation (i) can be solved by the well known

method of moments. Two major difficulties are involved: the construction

of suitable basis functions and the treatment of the relative convergence

problem. We choose, for the unknown aperture fields, the following

expansion:

M N

E ax XX Amn 4 mn(xy) in region C

m=-M n=-N

=0 in region D

M N

E ay Bmn ¢ (xy) in C

m=-M n=-N

Eg  = E e3(sx+w) cos x- (A/2 - da)] TT(2g)} in D,
ay g

where C and D are regions of the aperture in the unit cell shown in Figure

9 g is the effective gap width and

g = gon when the diode is forward-biased , and

= goff when the diode is reverse-biased (2)

The basis function : mn constitute an orthonormal set in region C if we choose

mn (x,y) = [(A - 2 da) (B - 2 db)]- 'l e-j(U'pox + V~qy) (22)

where

U'po 2p'T/(A-2 d,) + k o sin 0
o cos4 o , and (21)

V1 ,I  .1 ;:/(B - 2 d b ) + k, sin o  sinPo

'F 1I),v- ,xp,-I,)j 'n ilso be sPt up in the following manner to show tho

)rthlo)) .,I itv ,1 t:ir basis filnctions. We write

.. ,
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M N

Eax Amn x ,4
mn

i=-,t n=-N

M N

Eay Bmn 'Dn (25)

m -,M n=-N

where

X Pc, and (2 ,)
mn mn

*Y =' P +6n6N+1 Eg Pd (27)
mn mn C m n ay d

Pc and Pd are pulse functions defined as,

(28)

= 0 elsewhere.

The orthogonality among D and Y is readily obvious since Pc'Pd =
mn mn

0. This is the subsectional expansion discussed in Reference 19

In addition to the integral Equation (18), we need two more equations

to insure the continuity of tangential E fields at x = + (A/2-da) and

Jyj<dg/2. Thus we add the following equations

M N ;"

LZ. _ B m (*[A/2-da, 0)= Eg (+[A/2-da], 0) (29)ran mn ay ."

I),:m--! n= -N

The use of exponential funct ions to represent fields in Region c is

*idvart.ieoiis in the pre;ent problem because it allows non-vanishing Ey at x

21
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±(A/2-da) needed for the continuity of fields between regions C and 1).

However, the choice of the exponential function is not as efficient as

waveguide modes in meeting the edge conditions at other conducting odges 149

;Iwav from the gap.

Solution of Equations ([8) and (21h was carried out by using the same

relative convergence criteria established by Lee [33 1for rectangular

apertures . Thus, P and Q are first chosen based on an initial guess of the

physical nature of the problem and the memory si1ze of the computer. M and

N are then chosen as

Mc A-2 da ,and )

B

where [ a Idenotes the larges t integer in a. As was pointted out 1n

Re ferences 59 and .'() , this choice of M1 and N for the particular P and Q

Ilads to the most accurate results; larger M and N often yield poor

results.

The effect of the gap) is a reduction in the effective da in Equation

io.For arrays with smatl da, as often encountered in practice, the gap

has little effect on Mc; Mc can be chosen according to Equation ( d)) or

with ,)ne additional mode.

D). Numrical Comput-it ion

A compttr program was wri tten to analyze the type of microst ri p arraiy

shown in Fi gure with emphasis on the strip type shown inl Figure

.411 Ih i S the0-,P 1pe .11 Cn.I' wIth h 0. Testing and debugginni (of the

pruygraln hoganl with cases in which the metal screen was absent, that is

11, 0. The prob lem i the wolI -!nown re-flIec t Iin and t riusmni "-s1 Ill

hirolugh a di P I ect r i c 1i 'e r . Ta ib o I Show'; aI ronpar i onl hot woorn t h1i

cmiiI)Itat ionl and the re'sulIts of Le(e-st imateod f rom F iguiro 2 of Rofemei olc

4.The agreementL can ho cons idered e-Xt re'MelV good si11, 1,00e Lees tA a, wI

*'~t ct .1 f roM a IFI igljir by v u sma Int i ' n. Note, I hatf t hon r ai 1

dlit fA-renre he~tweeu t he phaspes o f T!" and TMI re fle ct ion roeI fIrc ien t Thi';



TABLE I

COMPARISON FOR THE REFLECTION COEFFICIENT COMPUTATION FOR THE

CASE OF da = db = dg = 0 (SCREEN ALSO) AND A = 0.2, B 0,

t t2 =0.1 (ALL IN WAVELENGTHS) rl =Lr2 = 2.5

ANGLE
TE TM

(deg)

e Amp. phase Amp. phase
(deg) (deg)

10 00 0.395 -130 0.398 50

(0.395) ( -130 ( 0.395 ) ( 50

0.54 -137 0.267 42
400 00

0.54 ) ( -137 ( 0.267 ) ( 42

): LEE (estimated)
0

0

0 > :> > . . •. .-"."" ." . ' .- " .. ." .-." ."-",". - - -. . . . .." . . . .



due to the difference in sign in the incidence wave in Equations (h) and

( ). To be a true reflection coefficient, 1800 has to be added to the TM

case. S

Next we check the case in which db = 0 so that the screen becomes an

array of parallel strips. The dielectric layers are chosen to be absent by

letting crl = -r2 = 1. The computed results are again compared with those

of Lee in Table II with excellent agreement. However, we noticed that the S

choice of M and N is essential to the accuracy of the results. For

example, if we increase the number of M modes by choosing M = Mc+l, (Mc =

3), the computed TM reflection coefficient becomes 0.122 at u = 10 and

0.0939 at 1 = 400, even though other computed results change very little. 0

Thus, a 14% change in computed results is highly possible if the choice of

modes is only slightly different. This is the well-known phenomenon of

relative convergence. In the following, it will be shown that this remains

to be a difficulty in the use of this computer program. 0

Next, we let r = 2.5 in the two dielectric layers in the case of

Tible II. The results are compared again with Lee's in Table III. Large

discrepancies now appear, especially for the TE case. To examine whether

this is due to a lack of relative convergence, we perform a convergence

test and present the results in Figures 1.0 and It for the amplitude and

phase of the reflection coefficient. As can be seen, the convergence is

fairly good near Mc .

Recalling that the excellent agreement in Table II had not been

reached until two printing errors in the input data described in the text

of the paper were dcLCi:tL-d, it was conjectured that errors might exist

also in the input data for the case in Table 11. The discrepancy was thus

believed to be due to differences in input data, not program bugs. To

further illustrate this point, let us examine the case of a full screen in

which A=B=0.4, 2da = 2db=0.2 A, tl=t 2 =0.1, dg=0 (all in wavelengths), and

It - 2.5. The total transmission coefficient (including the

depolarized wave transmitted) in dB is computed in comparison with Lee's

data in Figure 1 , The incident wave is transverse magnttic with its

incidhnce angles indicated. The agreement is quite good except at near

58" , where the present calculation has a sharper drop than that of L.ee.

An even more challenging case is shown in Figure I , ii which t h.,

COmp tat ions of the amp I it ide and phase of the TM t ransm iss ion coo f i ci cn

.26

" .° ° ' i " .° " i ' ° ° i -.-.. ° ' ..-° -' .i 
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TABLE II

COMPARISON FOR THE REFLECTION COEFFICIENT COMPUTATION

FOR THE CASE OF A = B = 0.2, db 
= dg = 0, da = 0.05,

t= t2 = 0.1 (ALL IN WAVELENGTHS), Lrl = 'r2

ANGLE
TE TM

(deg)

8 Amp. phase Amp. phase
(deg) (deg)

0.978 171 0.142 82
10 00

(0.978) ( 169 (0.142) ( 83

0.992 173 0.110 84
400 00.

(o. 99) ( 173 (0.112 ) ( 84

( ): LEE (estimated)

27
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TABLE I I I

COMPARISON FOR THE REFLECTION COEFFICIENT COMPUTATION

FOR THE CASE OF A 
= B = 0.2, db = dg = 0, da = 0.5,

t t2 = 0.1 (ALL IN WAVELENGTHS), ,rI 
= Er2 2.5

ANGLE
TE TM

(deg) S

e Amp. phase Amp. phase
(deg) (deg) S

10 00 0.948 145 0.543 41

(0.72) ( i19 (0.55 2( 3

0.963 151 0.436 31
4 0  0o-

(0.73 ) ( 127 (0.58 ( 22

): LEE (estimated) *

28
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are compared. The sharp fall and rise of the transmission coefficient nar

0=60.60 and =45 ° occurs in both computations. Even though the agreement

between C,=630 and 700 is not quite satisfactory, the excellent agreement

exhibited in this important blind-spot phenomenon suggests that the

discrepancy is probably not due to program bugs.

Although some of the discrepancies have not been completely resolved,

the numerical check is considered satisfactory. Numerical testing for the

case of dg = 0 was handicapped by a lack of existing data to compare with.

Without other data to guide the initial analysis, it is difficult to

perform conclusive numerical checks. Indirect numerical cwiecks were

conducted, but they were inefficient, costly, and inconclusive "rod are not

discussed in this report.

,.
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" F " I¢N. . IV

:~Y;AN) ,KhM> ENI)ATIflNS

Toechni (i r t tril .'i i o f noncanonical microstrip antennas and

Sarray,; we r,, inv i, at d w, th. ul t imate goal of antenna perfonnance

improvements. Tlhr, w.-r,. thre, , major thrusts in this research, each of

which culminateod in the devol pn.nt of a particular computer program.

The pntral problem of the radiation of an arbitrary Hertzian dipole,

whether horizontal or vertical, electric or magnetic, in general stratified

media was ntnerically solved. The media can have multilayers of various

thicknesses witi. complex dielectric constants. The shortcomings of this

approach are that it is not directly applicable to far fields; and its

convergence depends on the vertical (z) spacing between the dipole and the

field points.

The Ilertzian dipole algorithm was developed as a basis for the

analysis of a general noncanonical microstrip antenna. A method was

developed to treat the antenna solely in terms of a horizontal magnetic

current along the periphery of the patch. This moment method has several

advantages, especially in dealing with microstrip antennas with radial

conducting strips. The computer program development encountered

difficulties in numerical convergence. , Because several new concepts and

techniques are involved in this approach, further extensive examinations

are needed.

Microstrip array analyses were focused on a monolithic diode-switched

screen sandwiched in two dielectric layers. A moment method approach with

exponential basis functions was taken. The diode gap region is assumed to

* have a single mode sinusoidal field distribution. The computer program was

tested against data in the literature. Although some excellent agreements

* were observed, discrepancies also appeared which need further

* investigation.

This research program is an ambitious endeavor as it deals with

difficult electromagrietic and numerical analysis problems. The present

* accomplishments are expected to contribute to integrated circuits and

geophysical science, in addition to microstrip antennas and arrays. For
al I three major tasks, continued research is recommended for full

development and validation of these new techniques.

35
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APPENDIX A

SOME DEFINITIONS AND RELATIONSHIPS USED
IN SECTION IV
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Relationships among the vector potentials are

(3) A 4f o o () i + (2) Ar (AL)
P pq epq 6p 6 q P pq e + pq epq

4f 2rtpq A o + Ar (2)

A A 6 (1 Ar (2 I(I C
mpq r6pqq pq pq mpq G pq

A3r A 3f (3) A4f (A i)

epq epq pq epq

-A3r A 3f (3) A4f

mpq mpq o pq mpq

2r 2f o o (1) i (2) r
A epq +A epq = 6 p 6 q P pq Ae + pq Aepq (A5)

2r 2f 0 0 (1) i (2) r
Ampq mpq =  p 6q 5 pq -m pq mpq

Propagation and dielectric parameters are,:

pq [k 2  ( 2 + V 2) ] (A7)
o po pq

,pq = [k2,2 - (U 2 + V 2) 1 * (A8)
po pq

,pq( [= k 2  (UJ pqv) 2. ( A 2

pqq

pqq pq~
exp (-j pqt 1 ) ±  xPq- Pq- p (+j 'pqTl)

tpq + Ipq

,d~. *~ - .-



ppq(2) = x lpq t -Ypq

G q(2) Zp

:k pqqp1exp (tic~tpqT) I ) q - Yq exP (-jccpqTl)j
clpq +Ypq (A]I 1

pq~~ exp (iYpq 1)' q EYp

0pq 2ctpq

[exp (>ixpqTl) ± tq - - exp (icxpq-1)J

cxpq + C] Ypq (x2)

-(2) ip
Ppq~~ exp ('iypq 1) p ' lp

(2)

O p q2 Oq - C p x - i p ~
exp (+ clp tl cpq ~ Yp ( 13

clpq pqp

Vxp (+pq2) ± ex ji~3pqr2 )
Oipq + c tpq(l')

(3)3



7 ) I-c6yp

PI exP (>i'ypqT2-) pq 2pq

Lxp (+ThpqT2) ± p~Yq exp (~qz
pq + E2Tpq (l

Tho I ntegral equations are

xIdv' pq(x,y) * q(x',y'){Eax [(UpoDpq) (-Vpq) + (vpqEpq) (uP0)1

+ Eay [(UpoDpq) (Upo) + (VpqEpq) (Vpq) I

= ot1  % [oj( 2 ,p(I~o (1~op( 22,o]
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kop ( 2g

I {A ~ 10Voo - --(2~~)I~ 00

72) A 10
00
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where,

j(CcPqt:(2) qp 3)pq ~p{(3) qp(2~q
Dpq p e p=

koP( 2 ,( 3 q CUjq +V2q .H

Eq jo6r pq pq pq Er pq pq q

Otq 2 (U2 0+V2 q) A
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